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Control of persistent infection of bacteria by two-component regulatory systems: 
EnvZ-OmpR-mediated reduction of pathogenicity in Escherichia coli 
Abstract 
Bacteria adapt to environmental changes by altering gene expression patterns with 
the aid of signal transduction machinery called the two-component regulatory system 
(TCS), which consists of the sensor kinase and response regulator.  I examined the role of 
the TCS in bacterial adaptation to host environments using genetically tractable organisms, 
Escherichia coli as a pathogen and Drosophila melanogaster as a host.  I first determined 
the strength of the transcription promoters of TCS-encoding genes in adult flies by 
abdominally injecting E. coli that harbored plasmid for the expression of green fluorescent 
protein driven by the promoters of genes coding for 28 sensor kinases and 33 response 
regulators followed by the measurement of fluorescence intensities.  I chose five TCS 
among those encoded by genes having relatively active promoters and analyzed them for 
the effect on bacterial pathogenicity to Drosophila.  Mutant E. coli strains lacking EnvZ-
OmpR, YgiY-YgiX and NarQ-NarP showed higher pathogenicity than the parental strain 
while the lack of PhoQ-PhoP made E. coli less virulent, and EvgS-EvgA did not seem to 
influence bacterial virulence.  I then further characterized EnvZ-OmpR: the forced 
expression of envZ and ompR in the mutant strain lowered its pathogenicity; the mRNA of 
EnvZ and OmpR were detectable in infected flies; and there was no difference in growth 
rate in vitro and in the level of colony-formable E. coli in flies between the parental and 
mutant bacteria.  Furthermore, host immunity, either the humoral or cellular response, 
seemed unrelated to the actions of EnvZ-OmpR in the control of E. coli virulence.  These 
results collectively indicated that EnvZ-OmpR mitigated the virulence of E. coli in 
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Drosophila by a mechanism not accompanied by a change in bacterial burden in the host.  
























As bacteria reside in various places such as in the air, soil, water and living 
organisms, they need to adapt themselves to changes in environmental conditions that are 
often hostile to their survival.  Bacteria recognize new environments and alter their 
structure, metabolism, and motility for adaptation.  This is mostly achieved through the 
alteration of gene expression patterns.  Among machineries controlling gene expression in 
bacteria is the two-component regulatory system (TCS) that consists of two protein 
components, the sensor kinase and response regulator [1] (Figure 1).  Sensor kinases 
residing in the cell membrane recognize environmental changes and report the incidence to 
cytoplasmic response regulators [1].  Upon receiving external stimuli, the sensor kinase 
undergoes autophosphorylation at histidine residues and subsequently transfers the 
phosphate to aspartate residues of the response regulator.  Phosphorylated response 
regulators become able to bind to cis-acting DNA sequences and induce, or sometimes 
inhibit, the transcription of a variety of genes.  As a consequence, kinds and concentrations 
of proteins in bacteria change for the adaptation to new environmental conditions. 
 Considering the relationship between bacteria and host organisms, bacteria enter 
the host seeking for nutrients, temperature, humidity, etc. suitable for their survival and 
proliferation.  Bacterial infection is unfavorable to host organisms, with an exception of 
commensal bacteria residing in the digestive tract.  The host organism is therefore 
equipped with immunity that attacks and eliminates invading bacteria before the 
development of diseases.  Bacteria, on the other hand, possess a variety of strategies to 
evade immune responses of the host [2, 3].  However, it remains to be clarified how 








Figure 1.  The action of two-component regulatory system in bacteria. 
The two-component regulatory system consists of the sensor kinase, a histidine kinase, and 
the response regulator, a DNA-binding transcription factor.  The sensor kinase is 
autophosphorylated when stimulated by environmental factors and then transfers the 
phosphoryl group to the response regulator at aspartate residues.  The phosphorylated 






study to identify and characterize the TCS responsible for the survival and persistent 
infection of bacteria.  
 It is widely appreciated that the fundamental mechanism of immunity evoked 
against invading microbial pathogens is common among species from the fruit fly 
Drosophila melanogaster and the nematode Caenorhabditis elegans to mice and humans 
[4].  The use of Drosophila provides the advantage that genetically tractable experiments 
are feasible using whole animals infected by either injury or feeding with microorganisms 
[5].  Previous studies have provided an outline of the mechanism whereby the fat body, 
equivalent to the liver, and hemocytes, leukocytes or blood cells of mammals, cooperate to 
induce humoral and cellular immune response upon a microbial infection [6].  In this 
study, I adopted Escherichia coli as a model bacterium and Drosophila as a model host 














Materials and Methods 
Fly stocks, E. coli strains, and plasmids 
         The lines of Drosophila and strains of E. coli used in this study are listed in Table 1. 
Oregon R provided by Kyorin-fly (Kyorin University; Tokyo, Japan) is a wild-type 
laboratory stock of Drosophila and used as the host for the infection with E. coli 
throughout this study.  Imd
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) [9] is a mutant fly line deficient in 
the Imd pathway responsible for the induction of humoral immune responses against gram-




=UAS-rpr.C}14) obtained from 
Bloomington Drosophila Stock Center (Indiana University; Bloomington, USA) (stock 
number 5824) is a fly line that expresses pro-apoptotic protein reaper [10] in the presence 
of the transcription factor GAL4  and was used after mating with pxn-GAL4(w
1118
; pxn-
GAL4. 8.1) that expresses GAL4 in hemocytes [10].  All fly lines were maintained at room 
temperature under standard procedures.  For the measurement of promoter strength of 
genes coding for sensor kinases and response regulators, the E. coli strain KP7600, a 
derivative of W3110, which had been transformed with the vector pGRP with inserts 
corresponding to DNA regions spanning from the translation start codon to approximately 
300-bp upstream of the transcription initiation site of TCS-encoding genes linked to the 
coding sequence of green fluorescent protein (GFP) [7, 8] was used (Figure 2).  To 
determine bacterial virulence to Drosophila, the E. coli K-12 strain BW25113 (parental 
strain) and its derivative strains with mutations on TCS-encoding genes were obtained 
from the Keio Collection of National Bioresource Project (National Institute of Genetics; 
Shizuoka, Japan) were used.  All bacteria strains were cultured with Luria-Bertani medium 
at 37 C in the presence of antibiotics when necessary, harvested at the stationary phase, 
washed with ice-cold phosphate-buffered saline (PBS), and used in the experiments.   
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Table 1.  Bacteria and plasmids used in this study. 
Bacterial strains Characteristics 
DH5 wild-type  strain without plasmid used as a negative control in the promoter assay 
KP7600/pGRM059 KP7600 with plasmid pGRP for  expression of GFP under rpoB promoter 
KP7600/pGRK293 KP7600  with plasmid pGRP for  expression of GFP under arcB promoter 
KP7600/pGRK421 KP7600 with plasmid pGRP for  expression of GFP under arcA promoter 
KP7600/pGRK213 KP7600 with plasmid pGRP for  expression of GFP under atoS promoter 
KP7600/pGRK470 KP7600 with plasmid pGRP for  expression of GFP under atoC promoter 
KP7600/pGRK189 KP7600 with plasmid pGRP for  expression of GFP under baeS promoter 
KP7600/pGRK190 KP7600 with plasmid pGRP for  expression of GFP under baeR promoter 
KP7600/pGRK262 KP7600 with plasmid pGRP for  expression of GFP under barA promoter  
KP7600/pGRK179 KP7600 with plasmid pGRP for  expression of GFP under uvrY promoter  
KP7600/pGRK439 KP7600 with plasmid pGRP for  expression of GFP under basS  promoter  
KP7600/pGRK389 KP7600 with plasmid pGRP for  expression of GFP under basR  promoter  
KP7600/pGRK062 KP7600 with plasmid pGRP for  expression of GFP under citA/dpiB promoter 
KP7600/pGRK424 KP7600 with plasmid pGRP for  expression of GFP under citB/dpiA promoter 
KP7600/pGRK437 KP7600 with plasmid pGRP for  expression of GFP under cpxA  promoter  
KP7600/pGRK365 KP7600 with plasmid pGRP for  expression of GFP under cpxR  promoter  
KP7600/pGRK441 KP7600 with plasmid pGRP for  expression of GFP under creC promoter  
KP7600/pGRK420 KP7600 with plasmid pGRP for  expression of GFP under creB promoter  
KP7600/pGRK423 KP7600 with plasmid pGRP for  expression of GFP under cusS promoter  
KP7600/pGRK052 KP7600 with plasmid pGRP for  expression of GFP under ylcA/cusR promoter  





Table 1.  Bacteria and plasmids used in this study (continued). 
Bacterial Strains  Characteristics 
KP7600/pGRK440 KP7600 with plasmid pGRP for  expression of GFP under dcuR  promoter  
KP7600/pGRK434 KP7600 with plasmid pGRP for  expression of GFP under envZ promoter  
KP7600/pGRK306 KP7600 with plasmid pGRP for  expression of GFP under ompR promoter  
KP7600/pGRK431 KP7600 with plasmid pGRP for  expression of GFP under evgS  promoter  
KP7600/pGRK227 KP7600 with plasmid pGRP for  expression of GFP under evgA  promoter  
KP7600/pGRK068 KP7600 with plasmid pGRP for  expression of GFP under kdpD promoter  
KP7600/pGRK425 KP7600 with plasmid pGRP for  expression of GFP under kdpE  promoter  
KP7600/pGRK238 KP7600 with plasmid pGRP for  expression of GFP under narQ promoter  
KP7600/pGRK204 KP7600 with plasmid pGRP for  expression of GFP under narP promoter  
KP7600/pGRK114 KP7600 with plasmid pGRP for  expression of GFP under narX  promoter  
KP7600/pGRK427 KP7600 with plasmid pGRP for  expression of GFP under narL  promoter  
KP7600/pGRK360 KP7600 with plasmid pGRP for  expression of GFP under ntrB/glnL promoter  
KP7600/pGRK436 KP7600 with plasmid pGRP for  expression of GFP under ntrC/glnG promoter  
KP7600/pGRK426 KP7600 with plasmid pGRP for  expression of GFP under phoQ  promoter  
KP7600/pGRK107 KP7600 with plasmid pGRP for  expression of GFP under phoP  promoter  
KP7600/pGRK031 KP7600 with plasmid pGRP for  expression of GFP under phoR  promoter  
KP7600/pGRK030 KP7600 with plasmid pGRP for  expression of GFP under phoB  promoter  
KP7600/pGRK433 KP7600 with plasmid pGRP for  expression of GFP under ygiY/qseC  promoter  
KP7600/pGRK283 KP7600 with plasmid pGRP for  expression of GFP under qseB  promoter  
KP7600/pGRK245 KP7600 with plasmid pGRP for  expression of GFP under qseE  promoter  
KP7600/pGRK244 KP7600 with plasmid pGRP for  expression of GFP under qseF  promoter  




Table 1.  Bacteria and plasmids used in this study (continued). 
Bacterial strains  Characteristics 
KP7600/pGRK211 KP7600 with plasmid pGRP for  expression of GFP under rcsB  promoter  
KP7600/pGRK143 KP7600 with plasmid pGRP for  expression of GFP under rstA  promoter  
KP7600/pGRK096 KP7600 with plasmid pGRP for  expression of GFP under torS  promoter  
KP7600/pGRK097 KP7600 with plasmid pGRP for  expression of GFP under torR  promoter  
KP7600/pGRK435 KP7600 with plasmid pGRP for  expression of GFP under uhpB promoter  
KP7600/pGRK334 KP7600 with plasmid pGRP for  expression of GFP under uhpA promoter  
KP7600/pGRK429 KP7600 with plasmid pGRP for  expression of GFP under yedV  promoter  
KP7600/pGRK182 KP7600 with plasmid pGRP for  expression of GFP under yedW(copR) promoter  
KP7600/pGRK428 KP7600 with plasmid pGRP for  expression of GFP under yehU promoter  
KP7600/pGRK430 KP7600 with plasmid pGRP for  expression of GFP under yehT promoter  
KP7600/pGRK228 KP7600 with plasmid pGRP for  expression of GFP under (yehU)/ypdA promoter  
KP7600/pGRK432 KP7600 with plasmid pGRP for  expression of GFP under b2381/ypdB promoter  
KP7600/pGRK373 KP7600 with plasmid pGRP for  expression of GFP under hydH/zraS  promoter  
KP7600/pGRK438 KP7600 with plasmid pGRP for  expression of GFP under hydG/zraR  promoter  
KP7600/pGRK173 KP7600 with plasmid pGRP for  expression of GFP under cheB  promoter  
KP7600/pGRK428 KP7600 with plasmid pGRP for  expression of GFP under cheY  promoter  
KP7600/pGRK210 KP7600 with plasmid pGRP for  expression of GFP under yojN  promoter  
KP7600/pGRK116 KP7600 with plasmid pGRP for  expression of GFP under rssB/sprE  promoter  
KP7600/pGRK320 KP7600 with plasmid pGRP for  expression of GFP under yhjB  promoter  






Table 1.  Bacteria and plasmids used in this study (continued). 
Bacterial strains  Characteristics 
BW25113 parental strain for the TCS mutant strains listed below 
BW26424 BW25113 with  mutation on ompR-envZ    
BW27869 BW25113 with  mutation on evgS-evgA  
BW27865 BW25113 with mutation on narQ   
BW27873 BW25113 with mutation on narP   
BW27558 BW25113 with mutation on phoQ-phoP  
BW27551 BW25113 with mutation on ygiY-ygiX 
Plasmid names  
pGRP used as vector in the promoter assay 
pBR322 negative control for pAT224  


















Figure 2.  Structure of pGRP. 
This was used for the measurement of the promoter strength of TCS-encoding genes. The 
DNA region including promoter sequences was inserted at the site denoted ‘test promoter’ 







The composition of Luria-Bertani medium was 1% (w/v) polypepton, 0.5% (w/v) 
powdered yeast extract and 86 mM NaCl at pH 7.4 adjusted with NaOH.  The plasmid 
pAT224 with a 5.3-kbp fragment of E. coli genomic DNA including the entire envZ-ompR 
operon inserted in pBR322 [11] was used for the gene complementation experiment. 
 
Bacterial infection, and assays for pathogenicity and colony formation 
Adult male flies were injected with given numbers (as indicated in the figure 
captions) of live bacteria in the abdomen, reminiscent of septic infection, according to 
established procedure [12] (Figure 3).  Briefly, flies 3 to 7 days after eclosion (15-20 flies 
per vial, and 1-3 vials in each experiment) were anesthetized with CO2, injected with 
bacteria suspended in PBS (50 nl) using a nitrogen gas-operated microinjector (IM300; 
Narishige, Tokyo, Japan), and kept at 29 C until use.  The pathogenic effect of bacteria 
was determined based on the ratio of live flies at the given time points after the injection 
with bacteria.  To determine the level of colony-formable bacteria, live adult flies (five 
chosen from 20 flies originally infected) injected with bacteria were placed in a plastic 
microtube with PBS and mashed using a plastic pestle, and the resulting lysates were 
inoculated on Luria-Bertani agar-medium at serial dilutions followed by the measurement 
of colonies after overnight incubation at 37 C, as describes previously [12]. 
 
Analysis of promoter strength of TCS-encoding genes 
A series of E. coli KP7600, which harbored plasmids for the expression of GFP 







Figure 3.   Procedure for sepsis infection of adult flies with E. coli. 
E. coli suspended in PBS were injected in the abdomen of adult flies.  The flies were 







cultured in Luria-Bertani medium for 16-18 h at 37 C until they reached the stationary 
phase.  As a positive control, KP7600 possessing a plasmid for the expression of GFP 
driven by the promoter of rpoB that codes for the β subunit of E. coli RNA polymerase was 
similarly analyzed, and the E. coli strain DH5 with no plasmid was used as a negative 
control.  Adult male flies 3 to 7 days after eclosion (15 flies per vial) were injected with 
those bacteria, maintained at 29 C for 1 h, and examined by fluorescence microscopy 
(IX71; Olympus, Tokyo, Japan) at the dorsal side.  The intensities of fluorescence derived 
from GFP were numerically determined using WinROOF 6.4 (Mitani Sangyo; Ishikawa, 
Japan).    
 
Determination of TCS mRNA levels 
Messenger RNA levels of the E. coli genes ompR, envZ, rpoA, and rpoB as well as 
of Rp49, which codes for a ribosomal protein of Drosophila and was analyzed as a house-
keeping gene of the host, were determined in semi-quantitative reverse transcriptional-
mediated polymerase chain reaction (PCR).  Total RNA extracted from E .coli or adult 
flies injected with bacteria by the acid phenol method [13] was used as a template in 
reverse transcription with a 6-base random primer, and the resulting cDNA was then used 
as template for PCR.  PCR products were separated on a 6% (w/v) polyacrylamide gel 
followed by staining with ethidium bromide.  T h e  D N A  o l i go m er s  u s ed  a s  
p r i m e r s  in PCR were : 5  - A T C G C C T G C T G A C T C G T G A - 3  ( f o r w a r d )  and 
5  -AGGTTAAGTTTGAACTTACCGA -3   ( r everse )  fo r  OmpR mRNA;    
5-ACCTTGCTGTTCGCCAGCC-3 (forward) and 5-CGTACCCAGATATTGGGCGA-3 
(reverse) for EnvZ mRNA; 5 -ATGCAGGGTTCTGTGACAGA-3(forward) 
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an d  5  - A A C G C C T T C T T T G G T G C T G T - 3  ( r ev e r s e )  f o r  R p o A  m R N A ;    
5-GTTCTGGATGTACCTTATCTC-3(forward) and 5-CGCTTCGCGCTCATAGATCA-3 
(reverse) for RpoB mRNA; and 5-GACGCTTCAAGGGACAGTATCTG -3 (sense) and 
5-AAACGCGGTTCTGCATGAG-3 (antisense) for Rp49 mRNA. 
 
Other methods 
Plasmid DNA was extracted from E. coli using the standard alkali-sodium dodecyl 
sulfate method.  The transformation of E. coli with plasmids was carried out by a standard 
procedure involving the treatment of bacteria with CaCl2 to make them competent. 
 
Research ethics 
All experiments involving recombinant materials, animals, and pathogenic 
organisms were conducted under the protocols that had been approved by institutional 
committees convened at Kanazawa University. 
 
Data processing 








Identification of genes coding for E. coli TCS having promoters active in Drosophila 
There appear to exist 30 sensor kinases and 34 response regulators in terms of the 
analysis of E. coli genome although some of them have not been paired to constitute 
functional TCS [1]. These TCS can be categorized into several groups based on the 
consequence of their actions: control of metabolism, respiration, influx and efflux, 
chemotaxis, stress response, and others.  I first determined which TCS are more expressed 
than others in  E. coli after infecting host organisms.  For this purpose, I measured the 
strength of the transcription promoters of genes coding for the components of E. coli TCS.  
Male adult flies received an abdominal injection with E. coli harboring plasmids that 
expressed GFP driven by the promoters of E. coli genes.  It is probable that bacteria that 
have entered the hemocoel of adult flies are distributed over the entire body and encounter 
immune surveillance of the host.  I anticipated that such bacteria change the expression 
pattern of their genes, most likely through the actions of the TCS, for adaptation to host 
environments.  One hour after the injection, the flies were examined under a fluorescence 
microscope for the level of fluorescence intensities derived from GFP. 
 I first conducted experiments for positive and negative controls to test the 
effectiveness of this experimental system.  The results in the examination of flies injected 
with E. coli having no GFP-encoding gene showed some levels of fluorescence at the 
ventral side (Figure 4A), indicating the existence of autofluorescence in this part of fly 
body.  As a positive control, E. coli expressing GFP under the control of rpoB promoter 
was injected into flies, and I found that the dorsal side of the flies exhibited significant 
levels of fluorescence (Figure 4B).  These results indicated that the experimental 








             dorsal view               side view 
 
 






              dorsal view               side view 
 
Figure 4.  Detection of GFP-expressing E. coli in adult flies. 
Adult flies of Oregon R were injected with the E. coli strains DH5 (A) and 
KP7600/pGRM059  (B)  (6×10
6
 cells per fly) and examined by fluorescence microscopy 
after 1 h.  The flies were placed with the head toward the left.  DH5 possessing no plasmid 
and KP7600/pGRM059 harboring a plasmid for the expression of GFP under the promoter 
of rpoB were analyzed as negative and positive controls, respectively. 
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 I decided to examine flies injected with GFP-expressing E. coli at the dorsal side by 
fluorescence microscopy. 
 I then measured the promoter strength of genes coding for the components of the E. 
coli TCS, 28 sensor kinases and 33 response regulators, by numerically analyzing the level 
of fluorescence intensities.  I found that E. coli expressing GFP under the promoters of 
several TCS-encoding genes gave the level of fluorescence higher than that observed with 
the negative control (Figure 5A and 5B), suggesting that genes coding for the components 
of E. coli TCS were differentially expressed in adult flies.  The activity of the promoter 
was not always consistent between genes encoding the sensor kinase and response 
regulator that constitute functional TCS.  In addition, the level of promoter strength was 
not related to their known or expected functions (Figure 5C).  I chose four TCS, i.e., EnvZ-
OmpR, NarQ-NarP, EvgS-EvgA, and PhoQ-PhoP for further analyses because these 
appeared to be expressed at relatively high levels, together with YgiY-YgiX that is related 
to quorum sensing [14]. 
 
Change in E. coli virulence in Drosophila after the loss of TCS 
I next examined the effect of the five TCS on the pathogenicity of E. coli to flies.  
In general, E. coli is not considered as a pathogen to Drosophila, but the abdominal 
injection of the strain BW25113 at a dosage of two million reproducibly killed 30-40% of 
adult flies in a day while the injection of PBS alone did not influence the survival of flies 
(Figure 6).  Under such conditions, the virulence of BW25113 with mutations on genes 




A  Sensor kinase  
 
B  Response regulator 
 
Figure 5.  Activity of transcription promoters of genes encoding the components of  
E. coli TCS in adult flies.  
Adult flies of Oregon R were injected with the E. coli strains DH5 and KP7600 (6×10
6
 
cells per fly), which harbored plasmids for the expression of GFP under the promoter of 
the indicated genes coding for sensor kinases (A) and response regulators (B).  After 1 h, 
the flies were examined under a fluorescence microscope, and the level of fluorescence 
intensity derived from GFP was determined.  The same data were realigned in terms of the 
functions of the TCS (C). The data from one of two independent experiments with similar 
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Figure  6.    Increased virulence after loss of EnvZ-OmpR,  YgiY-YgiX and NarQ-
NarP.     
 Adult flies of Oregon R were injected with the indicated E. coli strains (2×10
6 
cells per 
fly) or vehicle alone (PBS) and examined for the rate of deaths at the indicated time points.  



















































































Those E. coli strains were mutants that lacked both the sensor kinase and response 
regulator except for the two strains with a mutation on either narQ or narP because E. coli 
lacking both components was not available.  I found that the loss of EnvZ-OmpR, YgiY-
YgiX, and NarQ-NarP made E. coli more virulent than the parental strain (Figure 6).  In 
contrast, E. coli with mutation on PhoQ-PhoP-encoding genes killed less flies than did the 
parental strain (Figure 7).  EvgS-EvgA did not seem to influence the virulence of E. coli 
(Figure 8).  These results indicated that the TCS is involved in the control of the 
pathogenic effect of E. coli on Drosophila, and suggested that EnvZ-OmpR, YgiY-YgiX, 
and NarQ-NarP act to reduce the pathogenicity while PhoQ-PhoP contributes to the 
maintenance of virulence.  I continued to analyze EnvZ-OmpR as a representative of the 
TCS that might mitigate the virulence of E. coli in Drosophila. 
 
EnvZ-OmpR-mediated reduction of E. coli virulence 
 To confirm a decrease in the virulence of E. coli after the loss of EnvZ-OmpR,  I 
conducted a gene complementation experiment in which both envZ and ompR were forcely 
expressed in the envZ-ompR mutant (envZ-ompR).  The successful expression of envZ 
and ompR in envZ-ompR was first examined by determining the level of mRNA of EnvZ 
and OmpR.  Total RNA extracted from the parental E. coli strain was subjected to reverse 
transcription-mediated PCR with primers specific to the mRNA sequences of EnvZ and 
OmpR.  Signals corresponding to the mRNA of EnvZ and OmpR, together with those of 
RpoA and RpoB,  which were the α and β subunits of E. coli RNA polymerase, 
respectively, analyzed as internal controls, were detectable depending on reverse 
transcription (Figure 9A), indicating the successful detection of signals derived from 
















Figure 7.  Decreased virulence of E. coli after loss of PhoQ-PhoP.   
Adult flies of Oregon R were injected with E. coli strains BW25113 (parent) and 
BW25113 lacking PhoQ-PhoP (phoQ-phoP) (2×106 cells per fly) or vehicle control 
(PBS), and examined for rate of deaths at the indicated time points. The data are 
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Figure 8.  No change in E. coli virulence after loss of EvgS-EvgA.   
Adult flies of Oregon R were injected with E. coli strains BW25113 (parent) and 
BW25113 lacking EvgS-EvgA (evgS-evgA) (2×106 cells per fly) or vehicle control (PBS), 
and examined for rate of deaths at the indicated time points. The data are representative of 
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Figure 9.  Expression of mRNA of EnvZ and OmpR in E. coli. 
The presence of mRNA of EnvZ and OmpR in E. coli was examined by reverse 
transcription-mediated PCR.  Polyacrylamide gels containing the products in PCR 
visualized by staining with ethidium bromide are shown.  Lane M contained HaeIII-
cleaved pUC19 used as size markers.  Representative data from 2 independent experiments 
with similar results are shown. (A) RNA prepared from BW25113 was analyzed for the 
mRNA of the indicated proteins with and without the addition of reverse transcriptase 
(RT).  (B) RNA of BW25113 (parent), envZ-ompR, and envZ-ompR harboring plasmid 




not those of mRNA of EnvZ and OmpR, while the same mutant strain harboring a plasmid 
for the forced expression of envZ and ompR contained these two mRNA (Figure 9B).  
These results confirmed that envZ-ompR did not produce either EnvZ or OmpR, and that 
the transformation of envZ-ompR with a plasmid carrying a region of E. coli genome 
covering envZ and ompR (pAT224) resulted in the production of EnvZ and OmpR mRNA.  
The results in a bacterial pathogenicity assay showed that the transformation with the 
plasmid pAT224 reduced the virulence of envZ-ompR to the level of the parental strain 
while the empty vector (pBR322) did not have such effect (Figure 10).  From these results, 
I concluded that EnvZ-OmpR plays a role in reducing the virulence of E. coli to 
Drosophila. 
 I next examined if EnvZ-OmpR was actually expressed in E. coli after being 
injected into the hemocoel of adult flies.  Total RNA was extracted from adult flies 
injected with parental E. coli strain and analyzed by reverse transcription-mediated PCR, 
as described above using primers for the mRNA of EnvZ, OmpR, RpoA, RpoB and Rp49, 
a ribosomal protein of Drosophila analyzed as an internal control of the host.  Signals 
derived from both EnvZ and OmpR mRNA were detected together with those derived from 
RpoB and Rp49 mRNA (Figure 11), indicating the expression of envZ and ompR in E. coli 
after the injection into adult flies. 
 
Mode of actions of EnvZ-OmpR in the reduction of E. coli virulence 
 To clarify the actions of EnvZ-OmpR in the control of E. coli virulence, I first 
determined the growth rate of envZ-ompR in Luria-Bertani liquid medium in comparison 








Figure 10.  Gene complementation of E. coli lacking EnvZ-OmpR. 
Adult flies of Oregon R were injected with the indicated E. coli strains (4×10
6 
cells per fly) 
or vehicle control (PBS) and examined for the rate of deaths at the indicated time points.  
The data are representative of 2 independent experiments that yielded similar results.  The 
E. coli strains analyzed were BW25113 (parent), BW25113 lacking EnvZ-OmpR (envZ-
ompR), envZ-ompR harboring plasmid for the expression of envZ and ompR (envZ-
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Figure 11.  Expression of mRNA of EnvZ and OmpR in E. coli after injection into 
adult flies. 
RNA prepared from adult flies injected with BW25113 was analyzed for the presence of 
mRNA of the indicated E. coli proteins together with Rp49, a ribosomal protein of 







between the two E. coli strains (Figure 12A).  envZ-ompR harboring the plasmid pAT224 
showed a somewhat lower growth rate than the same mutant strain carrying only the vector 
(Figure 12B).  These results indicated that the loss of EnvZ-OmpR did not influence the 
basal ability of E.coli to proliferate.  I next examined if the absence of EnvZ-OmpR caused 
a difference in bacterial burden in Drosophila.  Adult flies were injected with either 
envZ-ompR or the parental strain, and the level of colony-formable bacteria existing in 
flies was determined.  The results showed that there was only a marginal difference 
between the two strains: the number of colony-formable E. coli remained almost the same 
for 3 days after injection (Figure 13).  This suggested that the reduction of virulence after 
the loss of EnvZ-OmpR was not due to a decrease in the level of bacterial burden in flies. 
 I finally examined a possible relationship between the actions of EnvZ-OmpR and 
host immunity.  The involvement of a humoral response was first tested using imd
1
 flies, a 
fly line defective in the Imd-mediated production of antimicrobial peptides.  envZ-ompR 
was more pathogenic to imd
1
 than the parental strain (Figure 14), as observed in the 
previous experiment using Oregon R.  Next, flies lacking hemocytes were generated by 
inducing apoptosis specifically in hemocytes and used as the host for E. coli infection.  The 
results indicated that the loss of EnvZ-OmpR made E. coli more virulent even to flies that 
had no hemocytes (Figure 15).  In addition, data obtained by a member of our laboratory 
showed that envZ-ompR and the parental strain were almost equally engulfed by 
hemocytes isolated from the third-instar larvae of Oregon R (data not shown).  These 
results collectively suggested that the loss of EnvZ-OmpR did not cause a change in the 
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Figure 12.  Growth rate of E. coli in culture medium. 
The indicated E. coli strains were cultured with Luria-Bertani medium in the absence (A) 
and presence (B) of ampicillin (0.1 mg/ml) at 37 C with aeration, and analyzed for OD600 
at the indicated time points.  Mean and Standard deviations of the data from 4 (A) 3 (B) 
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Figure 13. Change in level of colony-formable E. coli in adult flies.  
Adult flies of Oregon R  were abdominally injected with BW25113 (parent) and BW25113 
lacking EnvZ-OmpR (envZ-ompR) (2×106 cells per fly)  and lyzed at the indicated time 
points. The resulting lysates were analyzed for the level of colony-formable bacteria. 






































Figure 14.  Virulence of E. coli lacking EnvZ-OmpR in flies deficient in humoral 
immunity. 
Adult flies of imd
1 
deficient in Imd-mediated humoral responses were injected with the 
indicated E. coli strains (1×10
5 
cells per fly) or vehicle alone (PBS), and examined for the 
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Figure 15.  Virulence of E. coli lacking EnvZ-OmpR in flies deficient in cellular 
immunity. 
Adult flies in which hemocytes had been depleted by apoptosis were injected with the 
indicated E. coli strains (2×10
6 
cells per fly) or vehicle alone (PBS), and examined for the 
rate of deaths at the indicated time points.  The data are representative of 2 independent 
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In the present study, I first measured the strength of the transcription promoters of 
genes coding for the components of E. coli TCS in Drosophila to gain an idea as to which  
TCS are functional after infection.  The results showed that several TCS-encoding genes 
are active in Drosophila, suggesting the alteration of gene expression patterns of E. coli in 
response to host environments.  However, the level of promoter strength was not consistent 
among genes coding for the TCS having similar functions as well as those encoding pairs 
of the sensor kinase and response regulator.  A direct evidence for the presence of sensor 
kinases and response regulators is necessary to more accurately show which TCS are 
functioning in E. coli after infection. 
Among the TCS-encoding genes with relatively active promoters or interesting 
functions, I chose EnvZ-OmpR, YgiY-YgiX, NarQ-NarP, EvgS-EvgA, and PhoQ-PhoP to 
examine the involvement in the virulence of E. coli to adult flies.  An assay for fly deaths 
after abdominal injection of E. coli showed the possibility that PhoQ-PhoP is necessary for 
E. coli virulence while EnvZ-OmpR, YgiY-YgiX and NarQ-NarP act to decrease the 
pathogenic effect of E. coli in Drosophila.  I took an interest in the latter TCS because the 
reduction in the level of virulence might help bacteria to adapt to and get along with host 
environments.  I further characterized EnvZ-OmpR that had been more intensively studied 
than the others.  The data showed that E. coli injected into adult flies expressed the mRNA 
of EnvZ and OmpR, and that the forced expression of envZ and ompR returned the level of 
virulence of E. coli lacking EnvZ-OmpR down to the level seen for the parental bacteria.  
From these results, I concluded that EnvZ-OmpR acts to mitigate the pathogenic effect of 
E. coli in Drosophila. 
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There are preceding studies in which a similar approach was taken to examine the 
involvement of the TCS in the virulence of bacteria to the host organism.  SsrA-SsrB 
appeared to contribute to the virulence of Salmonella by inducing the expression of a set of 
genes, which included those coding for components of the typeIII secretion system [15].  
The PhoQ-PhoP of Salmonella [16, 17] and Pseudomonas [18-21], PmrB-PmrA of 
Salmonella [22, 23] and Pseudomonas [18, 19] and CpxA-CpxR of Salmonella [24] confer 
bacterial resistance to cationic antimicrobial peptides through a change in the structure of 
lipopolysaccharide.  Similar mechanisms appear to exist for Gram-positive bacteria: the 
GraS-GraR of Staphylococcus aureus induced the expression of genes coding for proteins 
that add positively-charged amino acids to the cell membrane and cell wall, which made 
bacteria resistant to cationic microbial peptides [25].  The TCS of Mycobacterium 
tuberculosis have been intensively studied for their involvement in the control of virulence 
both in vitro using culturing cell lines and in vivo with rodents [26].  Mutations in most 
TCS of Mycobacterium tuberculosis, including SenX3-RegX3 [27, 28], PhoP-PhoR [29], 
MprA-MprB [30], DevR-DevS [31, 32], and MtrA-MtrB [33], impaired persistent 
infection. The environmental factors that that above-described TCS sense to provoke a 
change in gene expression remain largely unknown, although there have been several 
reports on this issue [15, 21, 23, 26]. 
 Most TCS analyzed so far were positively involved in the virulence and persistent 
infection of bacteria.  However, the findings in my study were different: the loss of EnvZ-
OmpR led to an increase in the level of virulence of E. coli in adult flies.  It is hard at 
present to explain the mode of EnvZ-OmpR actions to mitigate the virulence of E. coli: 
there was no indication of changes in bacterial burden in flies as well as susceptibility to 
phagocytosis by hemocytes after the loss of this TCS, and a relationship of EnvZ-OmpR 
action with humoral immune responses mediated by the Imd pathway was not evident.  
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EnvZ-OmpR, one of  the best-studied TCS, mostly sense a change in osmolarity and 
subsequently alters the level transcription of over a dozen genes including those coding for 
outer membrane proteins (Table 2).  The OmpR regulon also includes genes that encode 
proteins related to the synthesis of curli (csgDEFG) [34] and flagella (flhDC).  I would 
speculate that EnvZ-OmpR reduces the virulence of E. coli by altering the expression 
levels of genes involved in the synthesis of these extracellular structures and allow E. coli 
to get along with the host, resulting in persistent infection.  I have interpreted this 
phenomenon as a host-pathogen interaction for both organisms to survive (Figure 16).  It is 
of importance to identify and characterize the ‘getting-along-with host’ genes of E. coli 
that are induced through the actions of EnvZ-OmpR as well as the presumed host factors 
that stimulate invading E. coli for the activation of EnvZ-OmpR.  In addition, the 
characterization of YgiY-YgiX and NarQ-NarP, which are apparently involved in the 
pathogenicity of E. coli in a way similar to EnvZ-OmpR, will be necessary for gaining an 













Table 2  List of genes induced by EnvZ-OmpR.  
Genes Function of protein product 
ompC outer membrane protein 
ompF outer membrane protein 
fadL transport of long chain fatty acids 
nmpC outer membrane protein 
bdm synthesis of biofilm 
sra synthesis of biofilm 
bolA synthesis of biofilm 
ydgR (dtpA) transport of tripeptides 
csgG production of curli 
csgD production of curli 
csgF production of curli 
csgE production of curli 
flhD synthesis of flagella 


















Figure 16.  Model for EnvZ-OmpR action to control E. coli virulence in Drosophila 
Factors present in the host environments enter the periplasm by the actions of outer 
membrane proteins, bind to EnvZ located in the inner membrane, and induce the 
autophosphorylation of EnvZ at histidine residues. EnvZ then transfers phosphates to 
cytoplasmic OmpR at aspartate residues. Upon phosphorylation, OmpR becomes able to 
bind cis-acting DNA elements of target genes for the activation of transcription. Proteins 
encoded by the target genes function to decrease the virulence of E. coli for prolonged 
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